Chloroplast envelope membranes isolated from Pisum satium seedlings have been foud to cotain a Mg-ATPase activity (specifi activity 50-175 nanomoles per minute per milligram protein). The ATPase had a broad pH optimum between 7.0 and 9.5. The activity was not inhibited by oligomycin, N,N'-dicyclohexylcarbodlimide, ouabain, or antibodies directed agpinst chloroplast coupling factor 1; nor was the activity stimulated by monovalent cations. However, the ATPase was inhibited by vanadate, molybdate, and adenylyl imidodiphosphate.
The double membrane chloroplast envelope plays a central role in mediating the transport of metabolites between the chloroplast stroma and the cytosol (9, 11) . The inner envelope membrane forms the primary diffusion barrier between the stroma and the cytoplasm (11) ; therefore, enzymes involved in transport would be expected to reside in the inner membrane (8) . A pH gradient is formed across the chloroplast envelope upon illumination, primarily because protons are taken up from the stroma by the thylakoid membranes (12) ; however, proton efflux across the envelope of illuminated chloroplasts has also been observed (10) . The resulting alkalization of the stroma in the light is necessary for activation of a number of stromal enzymes (27) . The pH gradient across the envelope also influences metabolite transport across the envelope through gradient coupling (11) . Though the mechanism by which this gradient is maintained is not known, an attractive possibility is that a proton pumping ATPase, located on the inner chloroplast envelope, transports protons from the stroma to the cytosol (19) .
Sabnis et al. (22) demonstrated the presence of a Mg2'-dependent ATPase in the chloroplast envelope of Pisum sativum tendril cells using a cytochemical stain. Douce and coworkers identified (7) and characterized (13) an ATPase activity in a chloroplast envelope preparation from spinach. They found that the enzyme used Mn2+ and Mg2" with equal efficacy and was ' Supported in part by grants from the College ofAgricultural and Life Sciences, University of Wisconsin and the National Institutes of Health (GM-31384) to B.R.S.
MATERIAIS AND METHODS
Plant Material. Pisum sativum cv 'Perfection' seedlings were grown in flats containing a 1:1 mixture of vermiculite and Perlite under a 12-h light (350 uE/m2 min)/12-h dark regime with 22°C days and 18°C nights.
Preparation of Chloroplast Envelope Membranes. Envelope membranes were prepared from purified, intact chloroplasts isolated from 2-to 3-week-old pea seedlings using methods described by Cline et al. (5) with some modifications. In detail, pea leaves (150 g), harvested 3 h into the light period, were homogenized in a Waring Blendor with repeated 1-s bursts in 300 ml of ice cold homogenization buffer containing 50 mm Tricine-NaOH (pH 7.8), 2.5 mM DTT, 0.1% BSA, and 0.33 M sorbitol. The brei was filtered through eight layers of cheesecloth and centrifuged at 3,000g for 1 min in a Beckman JA-20 rotor. The pellets were resuspended in a total of 15 ml of homogenization buffer and layered onto two 30-ml Percoll gradients that had been preformed by centrifugation of suspensions of 50% Percoll in homogenization buffer (without BSA) at 35,000g for 30 min in a Beckman JA-20 rotor. The chloroplast suspension was centrifuged at l,000g for 30 min, and intact chloroplasts were collected from the lower green band in the gradient. These chloroplasts were washed three times in homogenization buffer ( (5) . The specific activity ranged from 50 to 175 nmol/min-mg protein depending upon the membrane preparation assayed. Comparable specific activities were obtained with envelopes prepared from pea chloroplasts by hypotonic lysis according to the method of Douce (7) . The rates were linear for up to 45 min at 37°C, and the reaction had an activation energy of 10.5 kcal/mol. Envelope preparations could be stored frozen at -20C in the presence of 0.3 M sucrose and 5.0 mM DTT for several months without a significant loss of ATPase activity.
The ATPase activity was not inhibited by oligomycin, DCCD, curare, oubain, or antibodies directed nst pea chloroplast coupling factor 1. Nor was the activity stimulated by KCI (50 mM), valinomycin plus potassium, or carbonyl cyanide m-chlorophenylhydrazone. However, the ATPase was inhibited 60% by 0.5 mM AMP-PNP, a nonhydrolyzable analog of ATP. The ATPase was also inhibited by sodium vanadate ( Fig. 1 ( Fig. 2) and its substrate specificity (see below and Table I ). Figure 2 shows the pH profile for the ATPase activity catalyzed by chloroplast envelope membranes. The activity has a broad optimum between pH 7.0 and 9.5. (Therefore, all routine assays were performed at pH 8.0.) Because this optimum encompasses the physiological range of stromal pH values, this activity is probably relatively insensitive to the light-induced stromal pH change, if in fact, the enzyme is in contact with the stroma. Figure 3 shows the dependence of the ATPase activity on the concentration of various divalent metal cations. Divalent cations were required for activity, and Mg2" and Mn2+ served equally well and were more effective than either Ca2' or Sr29. The activity is maximal when the total Mg2`concentration equals the ATP concentration. This is consistent with the substrate being Mg-ATP. No evidence for a secondary Ca2+ effect was seen when Mg2+and Ca2' were used in combination (data not shown). The ATPase activity was not significantly inhibited by the calcium antagonist trifluoperazine, nor was the activity stimulated by calmodulin plus calcium. Figure 4 shows a Linweaver-Burk plot for the envelope ATPase. From a nonlinear least squares fit of the data to a simple Michaelis-Menten model, the Km for Mg-ATP and the V,,=were determined to be 0.2 mM and 120 nmol/mg protein.min, respectively. Similarly, the Km for Mn-ATP was determined to be 0.4 mm (plot not shown).
Substrate Specificity. A variety of nucleotides and other phosphorylated compounds were tested as substrates for the activity. Results of a representative experiment are shown in Table I . All Because the ADPase activity was not affected by the addition of hexokinase and glucose to the reaction mixtures, it seems unlikely that the ADPase activity resulted from ATP contamination of the ADP or the possible contamination of the membranes with adenylate kinase.
To determine if the nucleotides and PPi were substrates for the same enzyme, ITP, CTP, PPi, and ADP were tested as inhibitors of ATP hydrolysis. ITP and CTP were competitive inhibitors of the ATPase activity with Ki, values of 1.2 and 2.5 mM, respectively. Concentrations of up to 1 mm PPi did not inhibit ATP hydrolysis at either 1 or 5 mm ATP (Fig. 5a ). On the other hand, the Km for PPi hydrolysis was 75 ,M (Fig. 5b) . It therefore seems unlikely that these two activities share a common active site. ADP, however, is a good competitive inhibitor of ATP hydrolysis (Fig. 6a) (Fig. 6b) Figure 8 . The higher density peak (p = 1.12) consisted primarily of a mixture of inner and outer envelope membranes. The leading edge of this peak was enriched in inner envelope membranes, whereas the lighter peak (p = 1.08) consisted ofpure outer envelope membrane vesicles (5) . density membrane peak, whereas the outer membrane peak contained very little activity. In a typical experiment, the specific activity of the inner membrane-enriched peak was 110 nmol/ min mg protein compared with 10 nmol/min . mg protein for the outer membrane peak. The mean ratio of specific activities ofinner membrane-enriched and outer membrane peaks was 9.1 ± 1.5 for six experiments. causes an alkalinization of the stroma relative to the external media (12) . Though the primary cause of the pH increase in the stroma is the influx of protons across the thylakoid membrane (12) , a significant outward flux of protons across the inner envelope is also observed (10 (16, 19, 25) . The pea enzyme differs from the spinach envelope activity described by Maury et al. (19) 
DISCUSSION

